The HAD (haloacid dehalogenase) superfamily includes phosphoesterases, ATPases, phosphonatases, dehalogenases, and sugar phosphomutases acting on a remarkably diverse set of substrates. The availability of numerous crystal structures of representatives belonging to diverse branches of the HAD superfamily provides us with a unique opportunity to reconstruct their evolutionary history and uncover the principal determinants that led to their diversification of structure and function. To this end we present a comprehensive analysis of the HAD superfamily that identifies their unique structural features and provides a detailed classification of the entire superfamily. We show that at the highest level the HAD superfamily is unified with several other superfamilies, namely the DHH, receiver (CheY-like), von Willebrand A, TOPRIM, classical histone deacetylases and PIN/FLAP nuclease domains, all of which contain a specific form of the Rossmannoid fold. These Rossmannoid folds are distinguished from others by the presence of equivalently placed acidic catalytic residues, including one at the end of the first core β-strand of the central sheet. The HAD domain is distinguished from these related Rossmannoid folds by two key structural signatures, a "squiggle" (a single helical turn) and a "flap" (a beta hairpin motif) located immediately downstream of the first β-strand of their core Rossmanoid fold. The squiggle and the flap motifs are predicted to provide the necessary mobility to these enzymes for them to alternate between the "open" and "closed" conformations. In addition, most members of the HAD superfamily contains inserts, termed caps, occurring at either of two positions in the core Rossmannoid fold. We show that the cap modules have been independently inserted into these two stereotypic positions on multiple occasions in evolution and display extensive evolutionary diversification independent of the core catalytic domain. The first group of caps, the C1 caps, is directly inserted into the flap motif and regulates access of reactants to the active site. The second group, the C2 caps, forms a roof over the active site, and access to their internal cavities might be in part regulated by the movement of the flap. The diversification of the cap module was a major factor in the exploration of a vast substrate space in the course of the evolution of this superfamily. We show that the HAD superfamily contains 33 major families distributed across the three superkingdoms of life. Analysis of the phyletic patterns suggests that at least five distinct HAD proteins are traceable to the last universal common ancestor (LUCA) of all extant organisms. While these prototypes diverged prior to the emergence Abbreviations used: HAD, haloacid dehalogenase; PNKP, polynucleotide kinase phosphatase; KDO 8-P, deoxy-Dmannose-octulosonate 8-phosphate; CTD, carboxyl-terminal domain; PNKP, polynucleotide kinase phosphatase; LUCA, last universal common ancestor.
The HAD (haloacid dehalogenase) superfamily includes phosphoesterases, ATPases, phosphonatases, dehalogenases, and sugar phosphomutases acting on a remarkably diverse set of substrates. The availability of numerous crystal structures of representatives belonging to diverse branches of the HAD superfamily provides us with a unique opportunity to reconstruct their evolutionary history and uncover the principal determinants that led to their diversification of structure and function. To this end we present a comprehensive analysis of the HAD superfamily that identifies their unique structural features and provides a detailed classification of the entire superfamily. We show that at the highest level the HAD superfamily is unified with several other superfamilies, namely the DHH, receiver (CheY-like), von Willebrand A, TOPRIM, classical histone deacetylases and PIN/FLAP nuclease domains, all of which contain a specific form of the Rossmannoid fold. These Rossmannoid folds are distinguished from others by the presence of equivalently placed acidic catalytic residues, including one at the end of the first core β-strand of the central sheet. The HAD domain is distinguished from these related Rossmannoid folds by two key structural signatures, a "squiggle" (a single helical turn) and a "flap" (a beta hairpin motif) located immediately downstream of the first β-strand of their core Rossmanoid fold. The squiggle and the flap motifs are predicted to provide the necessary mobility to these enzymes for them to alternate between the "open" and "closed" conformations. In addition, most members of the HAD superfamily contains inserts, termed caps, occurring at either of two positions in the core Rossmannoid fold. We show that the cap modules have been independently inserted into these two stereotypic positions on multiple occasions in evolution and display extensive evolutionary diversification independent of the core catalytic domain. The first group of caps, the C1 caps, is directly inserted into the flap motif and regulates access of reactants to the active site. The second group, the C2 caps, forms a roof over the active site, and access to their internal cavities might be in part regulated by the movement of the flap. The diversification of the cap module was a major factor in the exploration of a vast substrate space in the course of the evolution of this superfamily. We show that the HAD superfamily contains 33 major families distributed across the three superkingdoms of life. Analysis of the phyletic patterns suggests that at least five distinct HAD proteins are traceable to the last universal common ancestor (LUCA) of all extant organisms. While these prototypes diverged prior to the emergence
Introduction
All cellular organisms depend extensively upon the biochemical reactions related to organo-phosphoesters and phosphoanhydrides. Hence, it is not surprising that an enormous diversity of phosphohydrolases have evolved on multiple occasions to catalyze the dephosphorylation of various compounds. 1, 2 The majority of cellular phosphohydrolases belong to a relatively small set of evolutionarily distinct superfamilies, which are almost entirely dedicated to the catalysis of such reactions. These large superfamilies include the P-loop NTPases, which is the largest monophyletic assemblage of nucleotide triphosphatases encoded by cellular genomes, 3 the RNase H fold of ATPases, including actin, Hsp70 and their relatives, 4,5 the DHH, 6 HD, 7 PHP, 8 HAD, 9,10 calcineurin-like, 11 synaptojaninlike, 12 and the Receiver domain (CheY) superfamilies. 13, 14 They span the entire range of structural basic classes with α-helical forms, such as the HD superfamily, 15 the beta-barrels such as the CYTH superfamily of phosphohydrolases, 16 three-layered α/β sandwiches, such as P-loop NTPases, 3 HAD 17 and DHH, 18, 19 α/β barrels such as the PHP phosphoesterases, 20 and four-layered α/β-sandwiches such as the calcineurin-like 21 and synaptojanin-like phosphoesterases. 22 The HAD superfamily, named after the archetypal enzyme haloacid dehalogenase, 9 includes enzymes catalyzing carbon or phosphoryl group transfer reactions on a diverse range of substrates, using an active site aspartate in nucleophilic catalysis ( Figure  1(a) ). The majority of the enzymes in this superfamily are involved in phosphoryl transfer, i.e. phosphate monoester hydrolases (phosphatases) or phosphoanhydride hydrolase P-type ATPases. These include variations such as a phosphonoacetaldehyde hydrolase (phosphonatase) and phosphotransferases, such as β-phosphoglucomutase and α-mannophosphomutase. Each of the phosphotransferase enzymes requires a Mg 2+ cofactor for catalysis 9, 10 (Figure 1(b) ). The carbon group transfer reaction (Figure 1(a) ) catalyzed by haloalkanoic acid dehalogenase (HAD) 23 is unique in that it does not utilize a metal ion cofactor, and that a water nucleophile attacks the Asp C _ O in the hydrolysis partial reaction.
The HAD superfamily is represented in the proteomes of organisms from all three superkingdoms of life, and have colonized numerous very disparate biological functions, which vary in their degree of essentiality to the cell. We are primarily interested in understanding how the catalytic platform of the HAD superfamily has been adapted through evolution to act on a wide range of substrates, a process which has been termed the "evolutionary exploration of substrate space". 24 The accumulation of over 40 X-ray crystal structures and the enormous amount of sequence data available through genome sequencing projects have made the HAD superfamily amenable to understanding this process of evolution. Accordingly, here we present a comprehensive natural classification of the HAD superfamily using the information derived from relevant sequence and structural elements, phyletic distribution patterns, and phylogenetic tree analysis. This classification system offers a model for understanding the diversification of enzymes and allows us to predict important functional residues or regions in members of the superfamily having unknown function.
Results and Discussion
Structural and functional aspects of the HAD superfamily
Structural core of the HAD superfamily
To provide the basic context for a structurefunction analysis of the HAD superfamily we first define its essential structural core, and compare it to other structurally related folds. The core catalytic domain of the HAD superfamily contains a threelayered α/β sandwich comprised of repeating β-α units which adopt the topology typical of the Rossmannoid class of α/β folds. The central sheet is parallel and is typically comprised of at least five strands in a 54123 strand order (Figures 2(a) and 3 ). These strands are hereinafter referred to as S1-S5. The HAD fold is distinguished from all other related Rossmannoid folds by two key structural motifs ( Figure 3) . First, immediately downstream of strand S1 is a unique, approximately six residue Figure 1 . HAD reaction mechanisms. A schematic representation of the reaction pathway in carbon transfer and in phosphoryl transfer is depicted. The left panel shows the major types of reactions known to be catalyzed by the HAD superfamily can be distinguished by the identity of the leaving group of the substrate, the site of hydrolysis of the intermediate, and the identity of the phosphoryl acceptor group. Moieties originating from the substrate or solvent are colored blue and those originating from the enzyme are colored red. The right panel shows a schematic of the active-site template for phosphoryl transferases showing interactions of the substrate with the catalytic motifs (contributed by the core domain) and substrate specificity determinants (usually contributed by the cap domain). Residues contributed by each motif are coded: the substrate specificity component is colored in blue, while residues from each of the motifs are given a separate color. structural motif which assumes a nearly complete single helical turn, not unlike those found in the catalytic domains of unrelated enzymes of the polymerase-β-fold. 25 We term this motif the "squiggle". In some members of the HAD superfamily the squiggle forms hydrogen bonds between the ith and i+5 th position resulting in the rare pihelix conformation. 26 Second, downstream of the squiggle there is a β-hairpin turn formed by two strands projecting from the core of the domain (Figure 2(a) ). We term this structural motif the "flap". The squiggle and flap structural motifs play essential roles in HAD superfamily catalysis (see below for details).
Sequence comparisons have shown that practically all members of the HAD superfamily contain four highly conserved sequence motifs. 10 Sequence motif I corresponds to strand S1 and the DxD signature is present at the end of this strand (Figures 1(b) and 4) . The carboxylate group of the first Asp and the backbone C _ O of the second Asp coordinate the Mg 2+ cofactor (Figure 1(b) ). Additionally, the first Asp in motif I acts as a nucleophile that forms an aspartyl-intermediate during catalysis. [27] [28] [29] [30] [31] In phosphatase and phosphomutase members of the superfamily the second acidic residue acts as a general acid-base. It binds and, in many cases, protonates the substrate leaving group in the first step and deprotonates the nucleophile of the second step. 32 In the ATPases, the occurrence of a threonine at this position allows for a reduced rate of aspartyl phosphate hydrolysis, which may allow for the time lag necessary for the consequent conformational change. In the phosphonatases, there is an alanine instead of the second aspartate, which is consistent with the unique role played by the enamine intermediate (formed with the insert domain, see below) as a general acid-base catalyst in aspartyl phosphate hydrolysis by these proteins.
Motif II corresponds to the S2 strand, which is characterized by a highly conserved threonine or a serine at its end (Figures 1(b) and 4). Motif III is centered on a conserved lysine that occurs around the N terminus of the helix located upstream of S4 ( Figures 2, 3 and 4) . Motif II and motif III contribute to the stability of the reaction intermediates of the hydrolysis reaction. The lysine in motif III is reminiscent of the basic residues termed arginine fingers that stabilize the negative charge on reaction intermediates in many other phosphohydrolases, particularly those of the P-loop NTPase fold. 33 It is likely that they play a similar role even in the HAD hydrolases. An analysis of the available structures shows that the lysine in motif III may occur in either of two structural contexts in different HAD hydrolases. In the P-type ATPases, acid phosphatases, phosphoserine phosphatases and the Cof hydrolases the lysine is incorporated into the helix immediately preceding strand S4. However, in all other HAD hydrolases it emerges from the loop immediately prior to the helix. On account of this difference in the secondary structure context of the lysine, motif III is poorly conserved relative to the other motifs. The poor local conservation beyond the functionally critical basic residue is also comparable to the regions bearing the arginine finger in the AAA+ ATPases. 3 Motif IV maps to strand S4 and the conserved acidic residues located at its end. These terminal acidic residues of motif IV typically exhibit one of three basic signatures: DD, GDxxxD, or GDxxxxD (where x is any amino acid) ( (Figures 1(b), 2 and 4) ). These acidic residues along with those in motif I are required for coordinating the Mg ion in the active site. 27, 32, [34] [35] [36] [37] [38] [39] Motifs I-IV are spatially arranged around a single "binding cleft" at the C-terminal end of the strands of the central sheet that forms the active site of the HAD superfamily (Figure 1  (b) ). This binding cleft is partly covered by the β-hairpin flap occurring after S1 (Figures 2(a) and 3) . Additional inserts occurring between the two strands of the flap or in the region immediately after S3 provide extensive shielding for the catalytic cavity. These inserts, termed caps, often contribute residues required for specificity or auxiliary catalytic functions, and play a central role in the reactions catalyzed by most HAD hydrolases 28, 40, 41 (see below for further discussion).
Relationship of the HAD superfamily to other Rossmannoid folds
The topology of the central β-sheet of the HAD fold makes it a typical representative of the Rossmannoid class of three-layered α/β sandwich folds ( Figure 3 ). It shares with other Rossmanoid folds the general location of the active site formed by residues at the C-terminal end of the central sheet. More specifically, the HAD fold shares with other Rossmannoid fold enzymes a critical substratebinding site in the loop between S1 and the downstream α-helix, and a second active site residue positioned immediately downstream of the strand occurring after the crossover in the β-sheet, i.e. strand S4 (Figure 3) . 42 Amongst the Rossmannoid folds two major divisions can be recognized: (1) the nucleotide binding domains with a nucleotide binding loop between strand 1 and the helix after it. This group includes many large monophyletic assemblages of proteins, namely the classic Rossmann NAD/FAD-dependent dehydrogenases, 43 Sir2-like deacetylases, 44 the S-AdoMet-binding methyltransferases, [45] [46] [47] the GTPase FtsZ, 48 the ISO-COT fold 49 and the HUP superclass (class I tRNA synthetases, HIGH nucleotidyltransferases, USPA, photolyase and electron transport flavoprotein). 42 Most members of this division are characterized by specific signatures, often glycine-rich, in their nucleotide-binding loops. ( 2) The second division comprises phosphohydrolases or divalent cationchelating domains with a conserved acidic residue in the loop between the first strand and the helix that comes after it. This division includes the HAD Figure 3 . Rossmannoid domains. Topology diagrams of domains representative of the major divisions of Rossmannlike folds with catalytic acidic residues. Two versions of the HAD domain (P-type ATPase HAD and BcbF HAD) that show significant modifications to the classic HAD domain are also shown. Strands are shown as arrows with the arrowhead on the C-terminal end and are labeled from S1 to S6 in the classic HAD, with equivalent strands marked with eq in other Rossmannoid domains. The HAD domain of BcbF is an obligate dimer, and strands from the two dimers are differentiated as A and B (e.g. S1A and S1B). The initial strand containing the catalytic D residue is rendered in yellow; other core strands conserved across all members of the domain are in blue; non-conserved elements that may have been absent from the ancestral state of a domain are in gray. The HAD C1 cap insertion point is represented as a bright green line and the C2 cap insertion point is represented as an orange line. Broken lines indicate secondary structures elements not present in all members sharing the domain. The pink loop in the HAD domain represents the conserved squiggle. Residues conserved across all members of a particular domain, including the initial catalytic D residue, are shown.
superfamily, whose DxD motif is found in this loop, and several other enzymes superfamilies with similar active site configurations. These superfamilies are the DHH domain phosphoesterases (e.g. the DNAse involved in repair and recombination, RecJ), 6 the receiver or CheY domain of the twocomponent signaling system, 13, 14 the TOPRIM domain, which is the shared catalytic domain of the topoisomerases and DnaG-type primases, 50 the PIN/5′-3′ nuclease domain, 51 the classical histone deacetylases/arginases 52 and the von Willebrandt factor A (vWA) domain 53 (second division only depicted in Figure 3 ). Most members of this division are also unified by a second acidic residue, which is Figure 4 (legend on page 1010) borne at the end of the strand adjacent to the first strand, which occurs after the crossover of the sheet to the opposite side (left of strand S1 in Figure 3 ). Like the HAD domains, the receiver domain forms an aspartyl phosphate intermediate, 54 which receives a phosphate from a histidinyl-phosphate on the histidine kinase. [54] [55] [56] Because of the mechanistic similarity, the receiver domain has previously been claimed to be a member of the HAD fold. 57, 58 However, a careful examination of the active site organization and sheet topology of the receiver domains ( Figure 3) shows that it does not share any Figure 4 (legend on next page) of the other specific features conserved throughout the HAD superfamily beyond the phosphorylated aspartate and other generic features of the acidic active-site-containing division of Rossmannoid folds ( Figure 3) .
Of the other Rossmannoid folds of this division, the DHH phosphoesterases contain a DxD signature, and the histone deacetylases/arginases a DxH signature at the end of strand 1, which chelate a metal ion, just as in the HAD superfamily. However, these enzymes also contain their own characteristic motifs further downstream ( Figure 3 ) and there is no evidence for any aspartylphosphate intermediate being formed. 52, 59, 60 In the PIN/5′-3′ nuclease domains, a catalytic Mg 2+ is chelated by the acidic residues including those occurring at the end of the S1 equivalent and the strand immediately to its left 51 activates a water for nucleophilic attack. In the TOPRIM domains of primases and topoisomerases the acidic residue at the end of the first strand is always a glutamate ( Figure 3 ) that acts as a general acid or base in the hydrolysis of the phosphoester bond or polynucleotide transfer. 50, 61 The DXD motif is instead borne at the end of the strand left of S1 ( Figure 3 ) and coordinates a Mg 2+ . In the vWA domain the first aspartate is part of the so called MIDAS metal-binding motif (DxSxS 53, 62 ), which is critical for metal chelation by these domains. Thus, different superfamilies of this division of the Rossmannoid folds, despite similarly positioned acidic catalytic residues and metal coordination sites, have acquired very distinct catalytic mechanisms. Large to moderate inserts within the core Rossmannoid domain are also seen in the TOPRIM, PIN/5′-3′ nuclease domains, histone deactylase/arginase and DHH superfamilies, suggesting that they might also form caps controlling access to the active site area, analogous to the HAD superfamily.
Structural variations in the core Rossmannoid domain of the HAD superfamily
The core Rossmannoid fold of the HAD superfamily is generally not prone to many modifications beyond the insertion of the cap modules. However, the central sheet often shows lateral modifications corresponding to the two ends of the sheet. The ancestral condition of the HAD appears to have been the five-stranded central sheet (Figure 3 ), to which a major division of the HAD superfamily appears to have added a C-terminal β-α unit after the fifth f strand-helix unit (S6), extending the sandwich further (at the left side of the sheet in Figure 3 ). The additional strand S6 was lost on rare occasions in members of this six-stranded division, especially in the context of C-terminal domain fusions. Likewise, on the opposite side (right end of the sheet in Figure 3 ) there are inserts of additional strands, which stack in the same plane as the core strands to extend the sheet. The simplest of these is a β-hairpin, which folds back and extends the central sheet, and is the defining feature of a large clade within the HAD superfamily that includes the sucrose phosphate phosphatases, the phosphomannomutases, the trehalose phosphate phosphatases, mannosyl-3-phosphoglycerate phosphatases and the cof-type phosphatases ( Figure 3) . A second independent insert in the "right side" of the sheet is seen in the P-type ATPases in the form of an additional α-β unit immediately after S3 ( Figure  3 , bottom left). This additional strand is accommodated in the sheet between the S2 and S3 and is a unique and defining feature of the P-type ATPases. The alignment shows only conserved structural regions. Structural regions not conserved, including cap regions, are replaced with numbers denoting the residues in these excised regions. The top line of the alignment indicates the approximate areas of the four conserved motifs considered essential for HAD domain catalytic activity. Conserved residues of these motifs are shaded in gray. Secondary structure motifs are colored and labeled in the second line of the alignment, blue representing β-sheets, red representing α-helices, and pink representing the squiggle motif. The third line of the alignment designates secondary structural elements; E for β-strand regions, H for α-helical regions, and -for coil regions. Widely conserved hydrophobic residues are shaded in yellow (A,C,F,I,L,M,V,W and Y) while conserved aliphatic residues appear in gray and are shaded in yellow (I,L and V). Conserved small residues appear in green (G,A and S), hydroxy residues appear in teal (S and T), positive residues appear in blue (K and R), and negative residues appear in red (E and D). Sequences are identified by the protein name, species name abbreviation, the GenBank GI number, and if applicable the PDB code; identifiers are demarcated by underscores. PDB codes are shaded in orange for added emphasis. Species names are abbreviated as follows: Agam, Anopheles gambiae; Ana, Nostoc sp.; At, Arabidopsis thaliana; BPRB69, enterobacteria phage RB69; Bcer, Bacillus cereus; Bhal, Bacillus halodurans; Blic, Bacillus licheniformis; Bmel, Brucella melitensis; Bs, Bacillus subtilis; Cace, Clostridium acetobutylicum; Cfum, Choristoneura fumiferana; Cgla, Candida glabrata; Cneo, Cryptococcus neoformans; CpGV, Cydia pomonella granulovirus; Cvio, Chromobacterium violaceum; Dm, Drosophila melanogaster; Ec, Escherichia coli; Efae, Enterococcus faecalis; Exsp, Exiguobacterium sp.; Gzea, Gibberella zeae; Hinf, Haemophilus influenzae; Hp, Helicobacter pylori; Hs, Homo sapiens; Hsp, Halobacterium sp.; Llac, Lactococcus lactis; Mbur, Methanococcoides burtonii; Mgri, Magnaporthe grisea; Mjan, Methanocaldococcus jannaschii; Msp., Mesorhizobium sp.; Ncr, Neurospora crassa; Npun, Nostoc punctiforme; Ocun, Oryctolagus cuniculus; Osa, Oryza sativa; Pae, Pseudomonas aeruginosa; Pmar, Prochlorococcus marinus; Pput, Pseudomonas putida; Psp., Pseudomonas sp.; Psyr, Pseudomonas syringae; Ptor, Picrophilus torridus; Rgel, Rubrivivax gelatinosus; Rnor, Rattus norvegicus; Rpal, Rhodopseudomonas palustris; Rsol, Ralstonia solanacearum; Saga, Streptococcus agalactiae; Sau, Staphylococcus aureus; Sc, Saccharomyces cerevisiae; Sent, Salmonella enterica; Sepi, Staphylococcus epidermidis; Smut, Streptococcus mutans; Sp, Schizosaccharomyces pombe; Ssui, Streptococcus suis; Syn, Synechococcus sp.; Taci, Thermoplasma acidophilum; Telo, Thermosynechococcus elongatus; Tery, Trichodesmium erythraeum; Tmar, Thermotoga maritima; Tnig, Tetraodon nigroviridis; Vfab, Vicia faba; Xaut, Xanthobacter autotrophicus; Ylip, Yarrowia lipolytica; Yp, Yersinia pestis; Ypse, Yersinia pseudotuberculosis; Zmay, Zea mays. Alignment was produced with the aid of the Chroma program.
The most dramatic modification, however, is seen in the proteobacterial BcbF family of phosphatases, which exist as obligate dimers in the catalytic form ( Figure 3 , bottom right). In these proteins the helix immediately downstream of the conserved lysine in motif III is replaced by a loop, which displaces the strand S4 away from the core sheet and places it an anti-parallel configuration, where it stacks with the remaining three strands (S1-S3) of the second monomer in a parallel configuration (Figure 3) . Thus, the S4 appears to be swapped between the two monomers and two identical active sites are formed by a combination of two monomers, one monomer supplying motifs I, II and III and the other monomer supplying motif IV associated with the swapped strand ( Figure 3 ). Given that this configuration has a very limited phyletic spread, this dramatic modification appears to have evolved rather recently through a relatively simple process. We suspect that the ancestral version was a five-stranded version, which probably functioned as a tightly associated dimer with the active sites in each ancestral monomer facing in opposite directions (head-tail dimer). In such a head-tail dimer, accidental swapping of strand 4 between the monomeric subunits could have re-constituted a functional active enzyme, thereby allowing the emergence of the configuration seen in the BcbF family.
Cap modules of the HAD superfamily
The most notable inserts seen in the HAD superfamily are the caps, which, despite their diversity, can be classified in three generic categories: (1) C0 caps, the structurally simplest representatives of the HAD superfamily, have only small inserts in either of the two points of cap insertion. (2) The C1 are defined as inserts occurring in the middle of the β-hairpin of the flap motif, and fold into a structural unit distinct from the core domain. (3) The C2 caps are defined as inserts occurring in the linker immediately after strand S3 ( Figure 3 ). Most representatives of the HAD superfamily have either a C1 cap or a C2, though in few cases proteins may simultaneously possess C1 and C2 caps.
The simplest C0 state with no elaboration of β-hairpin or additional inserts in the C2 position are rather infrequent in the HAD superfamily and are seen in proteins such as deoxy-D-mannose-octulosonate 8-phosphate (KDO 8-P) phosphatase ( Figure  5 ). Slightly longer inserts are seen in the polynucleotide phosphatases, which have a long loop separating the two β-strands of the flap. In the case of the CTD phosphatases and MDP-1 like phosphatases, this basic condition is elaborated further, with the addition of a strand between the two sheets forming the β-hairpin; resulting in a cap in the form of threestranded sheet. Some of these phosphatases have also acquired a rudimentary C2 cap in the form of a long loop that extends out of the core domain.
The classical C1 caps belong to two distinct structural classes, the α-helical C1 caps and the cap with the unique α+β fold seen in the P-type ATPases ( Figure 5 ). The most basic α-helical cap in the form of bi-helical α-hairpin is observed in the acid phosphatase and the cN-I nucleotidase families ( Figure 5 ). The next level of complexity is the tetrahelical bundle, which is the form of the C1 cap seen in the majority of HAD domains with a cap in this position. It includes three general subclasses that may be distinguished based on structural properties and conserved interactions. The first subclass, represented by β-phosphoglucomutases and deoxyribonucleotidases, has conserved contacts between the descending arm of the cap domain and the second helix of the Rossmannoid core. The second subclass seen in haloacid dehalogenases and their close relatives (see below) has conserved contacts involving the loop between the second and third helices of the cap and the linker between strand S3 and the core helix downstream of it. The third subclass, typified by the phosphoserine phosphatase family, shows contacts in the region between the third and fourth α-helices of the C1 cap and a smaller C2 cap that is unique to this family. Despite sharing the same topology, these three categories of tetra-helical C1 caps share little primary sequence conservation, and show notable differences in the packing of the helices. The largest helical caps are seen in the form of the globular multi-helical bundle found in the uncharacterized Zr25 family, with a core formed by eight prominent helices ( Figure 5 ). Secondary structure prediction for the cN-II nucleotidase and Eyes absent (EYA) families reveals the presence of large caps, which are predicted to form multi-helical bundles similar to the Zr25 (the cap of cN-II has developed an additional beta meander).
The P-type ATPase C1 caps are unrelated to the helical caps and searches of the PDB database with the DALI program 63, 64 do not recover any known fold. However, an analysis of the P-type ATPase caps showed that they contain an internal duplication of a simple α+β unit, with a core sheet formed by a three-stranded β-meander ( Figure 5 ). This suggests they possibly arose from a single ancestral unit, which in turn could have itself emerged from a precursor resembling the C0 caps of the CTD phosphatases and MDP1 via the addition of a small α-helical hairpin to the three-stranded sheet. Subsequent duplication of this unit appears to have generated the C1 cap seen in extant P-type ATPases ( Figure 5 ). However, the C1 cap of the extant P-type ATPases manifests considerable variability both in terms of sequence as well as in the form of some additional insertion and deletions. Thus, in the most parsimonious scenario, the classical C1 caps appear to have been independently invented at least twice. All the known α-helical caps can be conservatively pictured as an evolutionary series of α-helical bundles of increasing complexity emerging through serial duplication from a basic bihelical precursor, along with rapid sequence divergence and reorganization of the helical packing ( Figure 5 ).
There are two major unrelated types of classical C2 caps, respectively, seen in the Cof-type phosphatases and the NagD-like phosphatases and its relatives ( Figure 6 ). Both these types of C2 caps are distinctly α+β with a core β-sheet containing at least three strands. However, in structural similarity searches with the DALI program 63, 64 and through manual examination of topologies, we were unable to detect any convincing similarity to other folds in the protein universe, or between themselves. In addition to these major classes of C2 caps there is a yet another small, unique C2 cap found in the histidinol phosphatase family. In the Cof-type phosphatases we observed a remarkable diversification of the C2 cap through accretion of secondary structure elements to a basic unit with a three-stranded anti-parallel β-sheet ( Figure 6 ). The most basic version, seen in the protein Ta0175 (PDB: 1L6R) from Thermoplasma acidophilum, 65 contains a three-stranded antiparallel sheet. A slightly more complex form is seen in the trehalose-6-phosphatase ortholog (1U02) from the same organism, where a strand is added to the sheet at the N terminus. In some other forms (e.g. YedP from Escherichia coli, PDB: 1XVI) there is entire β-α unit, instead of single strand, added to the N terminus of the ancestral unit ( Figure 6 ). In the uncharacterized phosphatase Tm0651 from Thermotoga maritima (PDB: 1NF2), 26 this trend is further exaggerated via the addition of three α-β units to the ancestral unit. In the related YwpJ (1NRW) from Bacillus subtilis, in contrast, we observe elaboration via duplication of a helix in one of the α-β units. Thus, as in the case of the helical C1 caps, it appears that the C2 caps of the Cof-type phosphatases evolved through a process of serial addition of simple secondary structure units, most probably through duplications limited to the N-terminal region of the cap. Central to the diagram is the ancestral strand-strand C0 cap. Remnants of the basal C0 cap can be seen in the small strands leading into and out of all other C1 caps. Arrows refer to the likely evolutionary progression leading to the diversification of C1 caps. Broken arrows pointing to the 1O08 tetra-helix cap domain reflect two possible progression scenarios. The 1SU4 P-type ATPase cap is colored to accentuate a possible duplication event. The first unit of the cap is colored in yellow and the second is colored in green. Other pieces of the cap that likely developed around the duplication event, including a strand-strand motif at the C terminus of the cap and a single helix linking the two units, are rendered in gray.
The C2 cap of the NagD-like phosphatases is an α/ β domain with a core four-stranded parallel β-sheet, with an additional N-terminal antiparallel strand. The parallel configuration of the sheet, combined with the lack of specific similarities to any other known domain, suggests that it might have arisen via a duplication of the core domain which also has a parallel β-sheet. However, at the sequence level there is no significant similarity with the core domain. This group of C2 caps also contains a unique beta hairpin inserted after the third strand ( Figure 6 ). An examination of the sequence of the C2 caps of the histidinol phosphatase family reveals a conserved CxHx(6-13) CxC signature (where x is any amino acid). This suggests that this C2 cap is stabilized through the chelation of a divalent metal ion, and is likely to assume a simple flap-like structure ( Figure 6 ).
Several lineages of the HAD superfamily simultaneously possess both C1 and C2 caps, both of which may be similarly sized, or one of them may be the dominant cap. In the case of the enzymes with C0 caps such as the CTD phosphatase family and the related ROP9/38K family there is sometimes an additional C2 cap in the form of a small β-hairpin. Similarly, small β-hairpin C2 caps are also seen in the phosphoserine phosphatase and the pyrimidine 5-nucleotidase families, which also contain helical C1 caps ( Figure 6 ). In an archaeal sub-family of the phosphoserine phosphatases, typified by the protein AF1437 (PDB: 1Y8A), a small C2 cap assuming the form of a tri-helical bundle is seen, suggesting that there have been multiple independent innovations of such smaller C2 caps. In all these families the C1 cap is clearly the dominant cap with the C2 cap packing against it and probably providing an additional solvent exclusion module (see below).
Role of the cap modules in the catalytic mechanism of the HAD superfamily Several studies have revealed that HAD enzymes with C1 caps are likely to follow a similar catalytic cycle comprised of the steps outlined below. 17, 27, 32, 37, [66] [67] [68] The enzyme in the "open" configuration allows the substrate (typically a phosphoester) to enter the active site. Once the substrate is bound the enzyme assumes the "closed" configuration and the Mg 2+ in the active site interacts with the negatively charged phosphate, preparing it for nucleophilic attack by the first conserved aspartate at the end of strand one (Figure 1(a) ). As a result an acyl phosphate intermediate is formed with the carboxyl group of this aspartate. [27] [28] [29] [30] [31] Subsequently, the enzyme enters the open configuration again and allows the leaving group to escape (Figure 1(a) ). In the open state bulk solvent enters the active site and a water is deprotonated by the second aspartate of strand one; hydrolyzing the acyl phosphate intermediate and returning the enzyme to the native state. 32 A variation on this theme is seen in the haloacid dehalogenases which release a halide ion along with the formation of a regular ester linkage. 69 In the phosphonatases and sugar phosphate mutases there are differences in the initial and the terminal stages of the reaction, respectively 27, 32, 38, [70] [71] [72] (Figure 1(a) ) but the core phosphoryl transfer mechanism remains the same.
Key aspects of the HAD catalytic mechanism that emerged from these studies are: (1) the alternation between open and close states and (2) a preliminary reaction favored by solvent exclusion and a subsequent step favored by extensive solvent contact. The principal features of the core domain responsible for this process are the squiggle and the flap. The squiggle, being close to a helical conformation, appears to be a structure that can be alternatively tightly or loosely wound (Figures 2(a) and 3 ). This differential winding in turn induces a movement in the flap immediately juxtaposed to the active site (Figures 2(a) and 3 ) and alternatively results in the closed and open states. Given the strict conservation of the squiggle and the flap across the HAD superfamily found herein, they are likely to be part of a universal essential functional feature of this superfamily. The conformational changes in the squiggle and flap are likely to comprise the minimal apparatus for solvent exclusion and access at the active site of these enzymes. Given this ground state, natural selection appears to have favored the emergence of cap modules as they made the process of solvent exclusion and acyl phosphate formation more efficient. In addition to aiding the basic catalytic mechanism the emergence of diverse caps also provided a means of substrate recognition by supplying new surfaces for interaction with substrates, which was not afforded by the ancestral active site alone. 28, 40, 41 The simplest structures add the cap to the flap motif itself, so as to completely seal the active site in the closed state ( Figure 7) . Thus, the flap region was a hotspot for the insertion of the various C1 caps, which appears to suggest intense natural selection for efficient solvent exclusion. 27, 32, 38, 69, 70, 73 In the case of the HAD enzymes with C2 caps there is no evidence from either biochemical or structural studies, thus far, for extensive movement of the cap itself to result in open and closed states. However, an examination of the internal cavities of the available structures of the HAD enzymes with C2 caps shows that the C2 cap forms a cavernous structure over the active site with the flap sealing off the aperture to this cavity ( Figure 7 ). This implies that although the C2 caps likely lack mobility comparable to the C1 caps, even in these cases the squiggle-flap elements likely exhibit drastic movements similar to that observed in C1 caps. As a result there would be an open state in which the substrate, solvent and leaving group can be exchanged with the active site cavity and a closed state where the flap occludes the cavity formed by the C2 cap completely and excludes the solvent. In most cases where both C1 and C2 caps are present such as the phosphoserine phosphatase family, the C1 cap is the principal functional moiety that closes the active site. The subsidiary C2 cap packs against the C1 cap and completes the occlusion by sealing off potential channels to the active site that exist in these C1 caps. In most of the C0 Caps the rudimentary caps forms a crater-like structure associated with the active site (e.g. MDP-1 and the CTD phosphatase families) ( Figure 7 ). In the case of the polynucleotide kinase phosphatases (PNKP) this crater-like structure is also walled by a unique insert occurring immediately after strand S4 with motif IV. These crater-like accesses to the active site of the C0 cap enzymes are unlikely to completely occlude the solvent, but their substrates are large molecules (proteins and polynucleotides), which may block the rest of the active site from solvent while being bound to it. Another C0 cap enzyme, the 8KDO phosphatase, adopts an unusual strategy for solvent exclusion by using the particularly elongated strands of its flap to form a tetramer interface. As a result, each monomer in the tetrameric unit forms a cap over the active site in the adjacent monomer, effectively performing the same function of solvent exclusion ( Figure 7) . A similar strategy of occlusion via cooperation between two subunits is also seen in the aberrant BcbF family, which shows strand swapping between adjacent subunits of the obligate dimer.
Natural classification of the HAD superfamily

Identification and clustering of the HAD superfamily enzymes
We identified all available structures of the HAD superfamily by using the DALI program 63 to search the PDB database with the coordinates of previously well-known HAD domains. HAD structures were typically recovered with Z-scores > 9.0 regardless of the type of cap present in the structure initiating the search, suggesting strong, detectable relationships between all members of the superfamily (see Materials and Methods and Supplementary Data). We then defined the conserved sequence features (along with their structural cognates) of all HAD superfamily enzymes by means of a structure-based sequence alignment of all available structures (Figure 4 ). Individual sequences from this alignment were used to initiate iterative PSI-BLAST searches 74 to identify all possible members of the HAD superfamily in the NR database (Materials and Methods and Supplementary Data). Searches were carried out until exhaustion, recovering sequence representatives from known families of HAD domain-containing proteins. For example, a search initiated with the sequence of the crystal structure of 8KDO phosphatase from H. influenzae(gi: 20150626, PDB: 1K1E) returns other members of the 8KDO phosphatase family in the first PSI-BLAST iteration. In subsequent iterations, sequences from the Cof hydrolase assemblage (gi: 28373517, iteration 2, E-value: 4e-07), P-type ATPase family (gi: 82407772, iteration 3, E-value: 4e-11), and phosphoserine phosphatase family (gi: 18160539, iteration 6, Evalue: 0.002) were recovered. A search initiated with the sequence of a crystal structure from the NagD family (gi: 47169464, PDB: 1VJR) recovered Distinct clusters which fell out of this operation were aligned throughout their length and unique signatures beyond the four basic HAD motifs were noted. These extended regions of conservation helped in identifying specific families and objectively distinguishing them from other families with signatures of their own. Within such families the internal relationships, where relevant, were determined using conventional phylogenetic analysis methods, namely neighbor-joining and maximum likelihood, and the phyletic profiles of the members. All major conclusions based on phylogenetic results discussed here were supported by bootstrap support 80% or greater in all the above-stated phylogenetic methods. Higher-order relationships between families were determined by comparing shared structural features, and determining synapomorphies (shared derived characters). Lastly, phyletic patterns, domain architectures, and predicted operon organization of representatives were used to infer likely function if it was not known and also to reconstruct a coherent evolutionary scenario for all branches of the HAD superfamily. The higher-order relationships within the HAD superfamily are presented graphically in Figure 8 and the resultant natural classification is shown in Table 1 along with phyletic patterns, representatives in the PDB, and functional annotation while Figure 9 depicts domain architectures observed within each family. The most basic split appears to separate a group of C0 cap proteins with a core five-stranded sheet from the rest of the superfamily, which is unified by a six-stranded core sheet. Within this sixstranded assemblage the most basal members retain C0 caps, while the rest of the division is characterized either by dominant C1 or C2 caps. The distinct cap morphologies suggest five major radiations, namely the α-helical C1 cap assemblage, the P-type ATPases with their own C1 cap, and three distinct groups of dominant C2 cap proteins (Figure 8) . We describe the details of the classification below, using the cap morphology as a handle.
The C0 cap assemblages and their constituent families
The basal-most clade of the HAD superfamily is comprised of an assemblage of C0 proteins with a five-stranded core sheet and currently includes five distinct families, which are briefly described below. Two additional families showing the C0 cap condition, whose precise evolutionary affinities are not clear, are also discussed in this section ( Figure 8 ; Table 1 ).
The MDP-1/FkbH family
This family is prototyped by the eukaryotic MDP-1 type Mg(II)-dependent protein tyrosine phosphatases, 34, 75 ,76 which appears to be widely distributed in eukaryotes suggesting a basic cellular function. We also recovered a number of bacterial MDP-1-like proteins typified by FkbH and BryA, and archaeal representatives typified by SSO0580 from Sulfolobus. FkbH and BryA are in the biosynthetic pathways for ascomycin and bryostatin in Streptomyces 77 and the bacterial symbiont Candidatus Endobugula sertula, 78 respectively. The FkbH protein combines an N-terminal HAD domain with a C-terminal acetyltransferase domain (FkbH_Shy in Figure 9 ) containing a highly conserved cysteine residue. Given its role in synthesis of methoxymalonyl-ACP and gene context, it is quite likely that the incoming substrate is an acyl phosphate, which is cleaved by the HAD domain and the acyl group may then be transferred to the internal cysteine in the acetyl transferase domain and then to the ACP. The presence of one distinct lineage of the MDP-1/ FkbH family in each of the three superkingdoms of life is indicative of their possible presence in the last universal common ancestor (LUCA) of cellular life (Figure 8 ). Related to this ancient family are three other families detailed below with restricted phyletic patterns, and could have been potentially derived from the former family in a lineage-specific fashion ( Figure 8 ; Table 1 ).
Notes to Table 1 The RNA polymerase carboxyl-terminal domain (CTD) phosphatase family This family is unique to the eukaryotes and shows an extensive radiation in them ( Table 1) . The prototypical version of this family, typified by yeast Fcp1p, is required for the dephosphorylation of specific serine residues in the carboxyl-terminal tail of the RNA polymerase catalytic subunit, 79-85 a feature essential for the reinitiation of transcription by the RNA polymerase. 86 This family has diversified into seven subfamilies in the eukaryotes and their viruses ( Table 1 ). The most widespread of these is the Psr1p subfamily which is conserved throughout the eukaryotes and is typified by a conserved N-terminal module required for membrane localization, 87, 88 and a conserved cysteine (Psr1p _ Sc in Figure 9 ). Members of this subfamily are slow evolving and are likely to be the principal CTD phosphatases of eukaryotes, and ancient components of the nuclear membrane. The Nem1p/dullard subfamily is seen in animals and fungi, localizes to the nuclear membrane, and might act on nuclear pore complex proteins such as Nup84p. 89 The Tim50 subfamily is also a membrane protein with a peculiar N-terminal membrane-spanning segment. 90 It associates with the mitochondrial inner membrane and regulates the translocation of internal mitochondrial proteins. Recently, the Tim50a isoform has also been shown to localize to the nuclear membrane. Hence, it is likely that this entire group of membrane associated CTD phosphatases diversified as nuclear membrane proteins and Tim50 was subsequently recruited for a mitochondrial function. 91 The remaining CTD phosphatase subfamilies are soluble proteins and include the Fcp1p-CPL subfamily, typified by the eponymous protein from S. cerevisiae. 80 Several versions of this subfamily are characterized by an N-terminal sandwich-barrel hybrid motif (SBHM) domain, followed by a downstream metal-chelating cysteine cluster, and a C-terminal BRCT domain (fcp1 _ Hs in Figure 9 ). The BRCT domain in these proteins has been implicated in recognizing the phosphorylated RNA-polymerase II substrate. 92 It is possible the SBHM of the Fcp1p subfamily interacts with the SBHM domains in the catalytic subunits of the RNA polymerase. The plant representatives of this subfamily, the CPL proteins, are implicated in regulating osmotic stress-responsive and abscisic acid-responsive transcription 93, 94 and contain one or two double-stranded RNAbinding domains (dsRBD) at the C terminus, suggesting that they might be downstream of the RNAmediated silencing pathway seen in plants (CPL1 _ At in Figure 9 ). Ublcp1 subfamily is also found throughout the crown group of eukaryotes and is typified by an N-terminal ubiquitin domain fused to the phosphatase domain (Ublcp1_Mmus in Figure 9 ) 95 and might regulate RNA polymerase stability through the ubiquitin pathway. 96 The 38K/ ROP9 and BcbF families The remaining two families, which might have arisen from the MDP-1/FkbH family, are much smaller and show even more restricted phyletic patterns. The 38K/ROP9 family shows a very unusual phyletic pattern, with one of the subfamilies being limited to the baculoviruses (the 38K subfamily) and the other to the apicomplexa (ROP9). This family is defined by a characteristic insert that is likely to form a rudimentary C2 cap. The ROP9 family has been experimentally determined to be a secreted protein localizing to the rhoptry, an apicomplexan organelle, 97 suggesting that it might act as a phosphatase in the assembly of the rhoptry or the parasitophorous vacuole. The BcbF family, despite its dramatic structural modifications, is largely limited to the proteobacteria and their viruses, suggesting that it might have arisen relatively recently in evolution. The predicted neighborhoods for these genes suggests that it is often embedded in operons for capsular polysaccharide biosynthesis, 98 suggesting that it might act as a phosphatase on one of the building blocks of the polysaccharide. Table 1 ). Domain architectures are further grouped according to the higher-order classification (Table 1) 
Polynucleotide kinase phosphatase (PNKP) family
The next major lineage of basal C0 cap HADs is the PNKP family which plays a role in both RNA and DNA repair 99 by removing 3′-terminal phosphate groups. 100 There are two subfamilies of these proteins (Table 1) with distinct motif IV sequence signatures (Figure 8 ), the first being the bacteriophage subfamily (PseT in Figure 8 ) with an N-terminal Ploop polynucleotide kinase domain (PNKP _ T4 in Figure 9 ). The second is the eukaryotic subfamily (PNKP in Figure 8 ), which is seen in most major eukaryotic lineages and often contains a C-terminal polynucleotide kinase domain (PNKP _ Mgri in Figure 9) . In plants, the phosphatase is fused to a Znfinger found in poly(ADP-ribose) polymerases and DNA-ligases (AtZPD _ At in Figure 9 ). 101, 102 Another previously uncharacterized eukaryotic subfamily is found in animals and is fused to the phosphopeptide-binding forkhead-associated domain (FHA) (PNKP_Hs in Figure 9 ). Both the Zn-finger and FHA domain are likely to be independent means of recruiting these phosphatases to regions of DNA damage.
8KDO family
While this family has a C0 configuration, its core sheet is six-stranded like the rest of the HAD superfamily suggesting that it is closer to the remaining groups of the HAD fold (Figure 8 ). These enzyme remove a phosphate group from 3-deoxy-D-manno-octulosonate 8-phosphate (Kdo-8) in the course of the biosynthesis of the polysaccharide chain in the bacterial lipid A pathway 103, 104 and bacterial capsular polysaccharides. 105 The 8KDO family shows a conserved K residue in the cap domain that points in the direction of the active site and might participate in recognition of negatively charged substrates. Several bacteria and all vertebrate members of this family are fused to a nucleotidyltransferase that potentially catalyzes the subsequent step in the biosynthesis pathways (Cmas_Hs in Figure 9 ).
Yhr100c family
This family specifically recovers the NagD family of C2 cap proteins (see below), and vice versa in sequence searches; however, beyond general core sequence similarity there are no particular features that link these families. Gene neighborhood analysis suggests linkages with genes in the chorismate metabolism pathway, such as AroE (Shikimate 5-dehydrogenase) and chorismate synthase suggesting a possible regulatory role by acting on phosphorylated intermediates in the pathway. The results from the yeast protein-protein interaction map suggest that the eukaryotic members may be part of the Gip1p-Glc7p phosphatase complex required for organization of septins; implying that these proteins possibly function as protein phosphatases during cell division.
The helical C1 cap assemblage
The categories of α-helical caps are discussed in terms of their basic cap morphologies, namely the bihelical, tetrahelical and multi-helical caps. Of these the tetra-helical cap families form the bulk of the assemblage and include several large families (Table 1) .
Simple bi-helical cap families
The simplest of the α-helical caps are the bi-helical caps seen in the acid phosphatase and cN-I nucleotidase families. However, there are no other features supporting a specific relationship between these families suggesting that they are basal lineages retaining the ancestral condition of the α-helical clade (Figure 8 ). The acid phosphatase family is characterized by an N-terminal signal peptide, which suggests that they are secreted proteins that function in periplasmic or extracellular environments. Plants show a lineage-specific expansion of members of this family, which are believed to function as vegetative storage proteins. [106] [107] [108] The cN-I family is a family of cytostolic 5′-nucleotidases found in vertebrates and several proteobacteria which regulate pyrimidine pools in the cytosol. 109, 110 Tetra-helical caps: the motif IV DD assemblage This assemblage is distinguished by the presence of a DD signature in motif IV and contains the phosphonatase, SDT1-epoxide hydrolase C-terminal domain, deoxyribonucleotidase, HerA-associated (HA) and β-phosphoglucomutase (BPGM) families.
The phosphonatase family includes the phosphonoacetaldehyde phosphatases, which hydrolyze phosphonoacetaldehyde to orthophosphate and acetylaldehyde. [111] [112] [113] [114] [115] [116] Experimental results suggest a role for cap residues in the catalytic activity of the classic phosphonatases of this family. 27 The family contains a group of degenerate versions from the bacterium Pseudomonas (PA2803 subfamily), which have rather partly lost their cap and show disruptions of motifs II and III and IV suggesting that they are catalytically inactive proteins which have take up a secondary binding function. The Sdt1p-epoxide hydrolase C-terminal domain family is widely represented in both bacteria and eukaryotes and appears to have diversified into four major subfamilies (Table 1) . Several members of the sEHCT/ Acad10 subfamily are fused to a C-terminal α/β hydrolase domain related to the haloalkane dehalogenase domain (HAL) (SeH_Hs in Figure 9 ). The animal enzyme has been shown to have hydroxyl lipid phosphate phosphatase activity in lipid degradation. [117] [118] [119] Some animal members of this subfamily, like Acad10, are fused to two C-terminal domains (Acad10 _ Hs in Figure 9) ; a lipid kinase domain related to the protein kinases and an AcylCoA dehydrogenase (ACAD) domain, which also suggests a role for them as phospholipid phosphatases. Phm8p of the eponymous subfamily is induced under low phosphate conditions and is likely to release soluble phosphate by hydrolysis of intracellular organo-phosphate compounds 120 while its paralog Sdt1p has been shown to be a pyrimidine 5′-nucleotidase. 121 The deoxyribonucleotidase family includes one of the major types of 5′ (3′)-deoxyribonucleotidases responsible for dephosphorylating uracil and thymine deoxyribonucleotides. [122] [123] [124] The eukaryotic forms do not group together in phylogenetic analysis, suggesting that they might have been acquired from bacterial or phage sources on multiple occasions. The presence in large DNA viruses and mitochondria is consistent with other similarities between their DNA replication processes 125, 126 and is indicative of the similar selective pressures faced by these replicons from excess uracil and thymine dNTs. The HerA-associated family is typified by its operonic association with the HerA-type ATPases and the NurA nuclease which are predicted to form a system for chromosome segregation and pumping in prokaryotes. 127 These contextual associations predict that this family might have a role in processing terminal phosphates on DNA, which might emerge due to nuclease action during the pumping process. 127 The β-phosphoglucomutase (BPGM) family is a large group that contains multiple subfamilies with different catalytic activities ( Table 1 ). The archetypal subfamily of this group is the β-PGMs proper, which catalyze the inter-conversion of β-Dglucose 1-phosphate and D-glucose 6-phosphate. 128 This family contains a conserved histidine and GxxR motif in the cap, which are critical for substrate recognition by contacting the phosphate and sugar moieties, respectively. 129 In the related CbbY subfamily (typified by Rhodobacter CbbY; 130 Table 1 ), the histidine is likewise universally conserved, but the arginine is present only in a subset of proteins. The DOG subfamily is typified by the 2-deoxyglucose-6-phosphate phosphatase from fungi 131, 132 and other fungal members of this subfamily have been characterized as glycerol 3-phosphatases. 133 The remaining members of this family constitute the large YniC family, which is widely represented throughout the bacteria and the eukaryotes, but not archaea. In plants the HAD domain is fused to the FAD synthetase (AT29272p _ At in Figure 9 ), which adenylates FMN to form FAD. 134, 135 The HAD domain might dephosphorylate a precursor in the pathway such as FMN and probably regulates FAD synthesis. Several proteobacterial members are fused to a predicted mannitol dehydrogenase domain (YhcW_Blic in Figure 9 ), suggesting they might dephosphorylate substrates in sugar metabolism.
Tetra-helical caps: dehalogenase-enolase-phosphatase assemblage
This assemblage contains two major families; the dehalogenase related family (dehr) and the enolase phosphatase family, as well as two other relatively small families; all of which are unified by their sequence similarities in motif IV ( Table 1) . The dehr family, despite being widespread, remains largely enigmatic with the only well characterized member being the type II D-L-haloalkanoic acid dehalogenase subfamily, 41, 136 which is also the archetype of the entire HAD superfamily. The dehr family shows two clear subfamilies (dehr subfamily I and subfamily II). One distinct orthologous group in subfamily I found only in plants, Isr (inhibitor of striate) proteins, is characterized by an unusual EWE signature in motif I and a SNxxxE signature in motif IV. The dehr subfamily II shows even greater diversity in motif IV (e.g SSNxxD, SSxxxD and AAxxxD) with wide differences in the conservation of the acidic residues and is consistent with the acquisition of non-phosphate substrates such as haloalkanoic acids. 137, 138 The enolase-phosphatase family of enzymes catalyzes the oxidative dephosphorylation (in combination with the enolase) of 2,3-diketo-1-phosphohexane to 2-keto-pentanoate in the latter steps of the methionine salvage pathway. 139, 140 Members of the restricted bacterial Bcs3 family are fused to an Nterminal glycosyltransferase domain (Bcs3_Hinf in Figure 9 ) and might function as sugar phosphatases in the biosynthesis of capsular polysaccharides in certain pathogenic bacteria 141 (Table 1) .
Tetra-helical caps: PSP-P5N-1 assemblage
This assemblage of tetra-helical cap proteins (Table  1) is unified by the presence of an additional insert, which forms a small secondary C2 cap that stacks against the tetra-helical cap. Within this assemblage the P5N-1 family is restricted to animals and catalyzes the dephosphorylation of the pyrimidine 5′ monophosphates UMP and CMP to the corresponding nucleosides. 142, 143 The cap region contains highly conserved charged residues likely to be the substrate specificity determinants of this family. Its highly restricted phyletic pattern suggests that the P5N-1 family was possibly derived from the much larger phosphoserine phosphatase family in the animal lineage (Figure 8) .
The large phosphoserine phosphatase (PSP) family includes a number of subfamilies, of which the classical phosphoserine phosphatases (SerB) constitute the most widespread subfamily ( Table 1 ). The SerB proteins catalyze the dephosphorylation of L-3-phosphoserine or an exchange reaction between Lserine and L-phosphoserine in the biosynthetic pathway of serine. 144, 145 We found a fusion of several prokaryotic SerBs (e.g. Mycobacterium and proteobacteria) with GcvR, the repressor of glycine cleavage (GCV) enzyme system (SerB _ Mtub in Figure 9) . Given the connection between serine catabolism and glycine metabolism, [146] [147] [148] this fusion might allow SerB to feedback regulate the glycine cleavage pathway. The related ThrH subfamily, which is restricted to the proteobacteria, participates in the threonine biosynthesis pathway by catalyzing a phosphoserine-homoserine phosphotransfer reaction, similar to the phosphate exchange reaction of SerB. 149, 150 The PHOSPHO1 subfamily contains a peculiar C2 cap, which has three conserved cysteine residues, suggesting that it is stabilized by metal chelation. The vertebrate versions of this subfamily are believed to mobilize inorganic phosphate for skeletal matrix mineralization mineralization through their action on phosphocholine and phosphoethanolamine. 151, 152 The fusion of this subfamily in some Gram positive bacteria to a nucleoside phosphorylase involved in methionine metabolism 153 might implicate it in this pathway.
The multi-helical cap assemblage
The multi-helical cap assemblage includes three families with strikingly sporadic distributions ( Table 1) . Among these the cN-II family is another family of cystolic 5′-nucleotidases 154, 155 that appear to have convergently evolved this activity, similar to other families in the HAD superfamily ( Table 1 , see above). This family is unified by a unique β hairpin immediately downstream of motif III, which is unlikely to interact with the cap and might have a distinct function in multimerization or interactions with other proteins. The EYA family (Table 1) , defined by the Drosophila Eyes Absent protein, functions as a protein tyrosine phosphatase and a transcription factor 156 with EYA itself and RNA polymerase II CTD repeats as its targets. 157, 158 This family is characterized by large clusters of conserved charged and polar residues in the cap domain.
The P-type ATPase family
The P-type ATPases contain a cap with a conserved lysine residue at the end of a conserved three-strand stretch in the cap which contributes to the active site of the enzyme and appears to be required for activity. 36 All except one subfamily of these proteins are fused to membrane spanning regions and additional potential metal-ion binding domains ( Figure 9 ). As the P-type ATPase clade has previously been subjected to extensive phylogenetic analysis, [159] [160] [161] we only briefly summarize the relationships within this family ( Table 1 ). The type I P-type ATPase subfamily are heavy metal and K + transporting pumps and are found in all three superkingdoms of life, 159, 160 but their evolutionary history appears to include many lateral transfer events between distantly related organisms. The type II subfamily predominantly consists of Ca 2+ transporters, but also includes Na + / K + and H + /K + . 159, 160 The type III subfamily includes eukaryotic and archaeal proton pumps and bacterial Mg 2+ transporters. 160 Type IV ATPases are aminophospholipid transporters 160 and type V ATPases were recently characterized as eukaryotic Ca 2+ transporters. 162 A small subfamily related to the P-type ATPases found only in euryarchaeota and lacking transmembrane regions and the conserved lysine and threonine residues of this family was recently studied experimentally 163 and proposed to be a phosphatase. 164 We propose naming this group of proteins the type VI P-type ATPase subfamily as their structure and sequence features suggest that they are the only surviving form close to the precursor of all other P-type ATPases.
C2 caps: the HisB family
There are several distinct lineages wherein a C2 cap emerged as the principal cap ( Figure 6 ; Table 1 ) and of these the HisB family shows the simplest version of a C2 cap. These caps contain a CxHxnCxC motif, which is likely to chelate a metal ion that stabilizes the cap. Some of the enzymes in this family are a part of the histidine biosynthesis pathway in prokaryotes (Table 1 ) and catalyze the hydrolysis of histidinol phosphate 165 (HisNB _ Ec in Figure 9 ). Other bacterial members of the HisB family, the GmhB proteins, catalyze the formation of D-α-Dheptose 1-P from an initial D-alpha-D-heptose 1,7-PP substrate or ADP-D-β-D-heptose 1-P from an initial ADP-D-β-D-heptose 1,7-PP substrate. 166 These members of the HisB family often show operonic association or fusions with sugar metabolism and cell surface glycolipid metabolism enzymes (GmhB_Fnuc, GmhB _ Brja, and GmhB _ Mtub; Figure 9 ).
C2 caps: the NagD family
The NagD family is unified by a distinct α/β C2 cap, which is unrelated to all other cap domains seen in the HAD superfamily. While the family is large and widely distributed ( Figure 8 ; Table 1 ) with several subfamilies, few members have been experimentally characterized. The name of the family is derived from its initial characterization in the N-acetylglucosamine (NAG) operon in E. coli, 167 although it is not required for the production of NAG. 168 The AraL subfamily (Table 1) has potentially diversified to accommodate a range of substrates. In Paenibacillus the HAD domain of this subfamily is fused to a NUDIX domain (1177029 _ Bthi in Figure 9 ) which hydrolyzes a variety of substrates with a nucleoside diphosphate linked to another moiety 169, 170 implying that its most likely substrate is a nucleotide. A related subfamily is the cronophin phosphatase (CIN) subfamily, which has recently been identified as a cofilin-activating protein phosphatase. 171 The Cut-1 subfamily (after the Cut-1 protein from Neurospora) is encoded in a predicted operon in α-proteobacteria with the bifunctional riboflavin kinase/FAD synthetase protein (RibF) and an adenyltransferase that catalyzes the formation of FAD, and might function in cofactor biosynthesis. Except for the phosphohistidine/phospholysine phosphatase 172, 173 subfamily (Table 1) , all the other members of the NagD family contain a highly conserved aspartate in the C2 Cap (D149 in 1VJR), which points towards the active site and likely acts as a substrate recognition feature.
C2 caps: the Cof phosphatase assemblage and its constituent families
The largest group of C2 cap proteins is the Cof assemblage, which includes several families unified by a C2 cap sharing a common sheet topology ( Figure 6 ). Six distinct families with diverse phyletic patterns can be clearly identified within this assemblage (Table 1) and are briefly summarized below.
The fundamental split in the Cof family is between the archaeal and bacterial subgroups, suggesting that there was probably at least one member of the Cof phosphatase assemblage in the LUCA. A member of the archaeal subgroup, Apc014 from Thermoplasma acidophilum, has been shown to exhibit phosphoglycolate phosphatase activity in vitro, 65 but there is no evidence that this is its endogenous substrate. An examination of the caps of the Cof family reveals the presence of several conserved residues specific to particular subgroups suggesting that there might be considerable substrate diversity within this family. Members of the trehalose phosphate phosphatase (TPP) family function in conjunction with the trehalose-6-phosphate synthase synthesizing trehalose from glucose-6-phosphate and UDP-glucose 174, 175 (Table 1 ; Figure 9 ) The broad phyletic pattern suggests that TPP-dependent trehalose biosynthesis or assimilation is one of the most prevalent of the three known catalytic pathways for trehalose biosynthesis. 176, 177 The mannosyl-3-phosphoglycerate phosphatase (MPGP) family is a small family comprised of proteins catalyzing the dephosphorylation of mannosyl-3-phosphoglycerate to mannosylglycerate 178 as part of a two-step pathway to synthesize the latter compound from GDP-mannose and D-glycerate. It is found in several hyperthermophilic archaea and some thermophilic bacteria like Thermus, where it generates mannosylglycerate, a solute with a protective role against osmotic and thermal stress. [178] [179] [180] The phosphomannomutase (PMM) family catalyzes the isomerization of mannose 6-phosphate and mannose 1-phosphate, which is required in the synthesis of GDP-mannose, a precursor for the dolichol-linked oligosaccharide and GPI anchors, which is unique to eukaryotes 181 (Table 1) . The sucrose phosphate synthase C-terminal domain (SPSC) family is comprised of the C-terminal domains of a key enzyme in the sucrose synthesis pathway, which contains an N-terminal two domain glycosyltransferase module (related in structure to glycogen synthase) fused to a C-terminal HAD domain (SPS _ At in Figure 9 ). [182] [183] [184] It is likely to regulate the accumulation of sucrose by hydrolyzing the sucrose phosphate formed by the N-terminal domains. The sucrose phosphate phosphatase (SPP) family is closely related to the previous family and catalyzes the dephosphorylation of sucrose phosphate to form sucrose. 185, 186 The SPP plant versions additionally have a highly conserved C-terminal domain (At2g35840 _ At in Figure 9 ), which we show belongs to the NTF2 class of α+β domains. 187 These domains have been previously found in a variety of enzymes, such as the steroid delta-isomerase and scytalone dehydratase, as well as small moleculebinding proteins such as the orange carotenoid protein. This domain been suggested to be involved in increasing catalytic efficiency, 188 and probably binds a small molecule effector to function as an allosteric regulatory site. We note the presence of highly conserved acidic and cysteine residues in this C-terminal domain which might play a role in ligand interactions. The previous two families have been transferred to plants from the cyanobacterial chloroplast precursor. 182 
Evolutionary implications and general considerations
The origin and early evolution of the HAD fold The higher-order structural relationships of the HAD fold suggest that it first emerged as a part of the radiation phosphoesterase or Mg 2+ chelating class of Rossmannoid folds. The ancestral version of this division of Rossmanoids folds was characterized by a conserved acidic residue in the first β-α unit of the Rossmannoid fold and another at the end of the strand immediately after the "cross-over" in the sheet (Figure 3 ). This division of Rossmannoid folds had already expanded to include several distinct representatives in the LUCA of extant cellular life forms, suggesting that the divergence of the HAD fold from related Rossmannoid folds occurred prior to the LUCA. The emergence of the squiggle and flap motifs might have allowed for a rudimentary solvent exclusion mechanism that allowed the HAD superfamily to acquire a catalytic mechanism based on the concomitant formation of an acyl phosphate intermediate. As hardly any HAD enzymes are core components of biological systems such as the RNA metabolism or translation apparatus, they do not show comparable conservation to these proteins. Thus, their phyletic patterns are more drastically affected by gene loss and lateral gene transfer. An examination of the phyletic patterns and phylogenetic relationships of the extant families of the HAD superfamily (Table 1 ) allows us to potentially extrapolate up to five distinct lineages to the LUCA. The proteins extrapolated to LUCA include (1) the common precursor of the MDP-1/ FkbH and CTD phosphatases; (2) a representative of the NagD family; (3) a representative of the Cof clade; (4) a representative of the P-type ATPases; (5) a possible representative of the helical C1 cap assemblage. This suggests that the HAD superfamily had already diversified into the major subtypes, with distinct versions of C0, C1 or C2 caps with duplications and divergence prior to the emergence of the LUCA. We suggest that the ancestral HAD phosphatase, like the ancestral version of the Rossmannoid folds, might have used nucleotides as substrates. Consistent with this, nucleotide substrates are encountered in all the major branches of the HAD superfamily including members of the earliest branching C0 assemblage, specifically the polynucleotide kinase phosphatases (Figure 8 ; Table 1 ). Given the role of the PNKP in RNA repair, it is possible that they retain the primitive functional features of the ancestral C0 clade in early biological systems when RNA was the dominant genetic material.
This early branching C0 clade also appears to have specialized in large substrates such as proteins and nucleic acids, which precluded the need for large solvent-excluding caps. The emergence of various caps appears to have provided an additional structurally variable interaction module that allowed different representatives of HAD superfamily to accept a diverse range of substrates, typically small molecules. This process was accompanied by the extensive radiation of the various C1 and C2 capcontaining enzymes and capture of numerous functional niches in the cell. Of these the P-type ATPases represent an early adaptation, wherein the conformational change associated with the catalytic mechanism of the HAD phosphatases was used to drive ion transport. Most of the other members of the superfamily evolved specific catalytic functions in various metabolic pathways. In some cases, such as the Cof assemblage, most enzymes appear to have acquired sugar phosphate substrates early on in their evolution. In other cases, such as the tetrahelical C1 cap assemblage, there is no evidence that any of the early versions had already acquired preferences for a particular category of substrates. Irrespective of the emergence of early substrate preferences, almost none of the HAD enzymes catalyze any of the core reactions in ancient cellular metabolic pathways. Thus, while the prototypes of most major HAD lineages had emerged prior to LUCA, the expansion and diversification of most families occurred well after the separation of the three major superkingdoms of life.
Post-LUCA evolution of HAD superfamily
Phyletic patterns suggest that an explosive radiation of subfamilies occurred in the bacteria and to a smaller extent in the eukaryotes. There are several predominantly bacterial families, but few families that are purely archaeal in their distribution ( Figure  8 ; Table 1 ). Furthermore, there are at least 26 monophyletic lineages within the HAD superfamily that contain multiple bacteria and eukaryotic representatives, but no or very rare archaeal representatives. The rare archaeal representatives, if any, in these lineages do not preferentially group with the eukaryotic representatives. Given that the eukaryotes have vertically inherited most of their core biological systems from archaeal sources, it is most likely that the lineages of the HAD superfamily shared by eukaryotes and bacteria were acquired laterally by the former. At least four distinct lineages of the HAD superfamily (e.g. the YniC subfamily, the Yhr100c subfamily and the phosphomannomutase family; see Table 1 ) are present throughout the eukaryotic tree, suggesting that they were acquired early in eukaryotic evolution, most possibly from the mitochondrial precursor. However, about 22 lineages of the HAD superfamily are restricted to only a small section of the eukaryotic superkingdom. Several of these might represent secondary independent transfers from other bacterial sources. In the case of the families shared by the plants and cyanobacteria, such as the SPSC and SPP families and the VSP subfamily of acid phosphatases it is most likely that the plants acquired their versions from chloroplast precursors. More interestingly, we observe that at least four lineages (e.g. 8KDO phosphatase family; see Table 1 ) are shared by bacteria and animals, but are absent in other eukaryotes. While in principle some of these instances might arise due to losses in earlier eukaryotes, they are likely to represent occurrences of late transfers to the animal line. These are of particular interest because of the potential role of genes of bacterial origin in the emergence of particular metabolic abilities of animals, such as the ability to synthesize or metabolize certain carbohydrates and lipids.
An examination of the bacterial diversification of the HAD superfamily shows that some of the early lineages within bacteria appear to have specialized in particular aspects of amino-acid metabolism, such as the phosphoserine phosphatase and histidinol phosphate phosphatase. Specific roles in amino acid metabolism continued to be acquired in specific lineages of the bacterial tree; for example, the enolase phosphatase and the phosphoserine:homoserine phosphotransferase respectively in methionine and threonine metabolism. 139, 140, 150 The other major bacterial innovations were related to sugar metabolism and appear to have occurred somewhat later in bacterial evolution. These sugar metabolism enzymes arose throughout the HAD superfamily, though the cof assemblage appears to be the most dominant amongst them. The ancestral ability to use a nucleotide substrate probably served as a preadaptation that allowed the emergence of several phosphosugar related activities on multiple occasions. Most of these functions appear to have coincided with the extensive development of storage oligosaccharides and polysaccharide secondary metabolites including components of the cell wall, capsule, and extracellular matrix in bacteria. The other major class of activities colonized by the HAD superfamily in bacteria concerned nucleotide interconversion and salvage, in the form of the various nucleotidases. Interestingly, similar catalytic activities were "invented" within the HAD family on multiple occasions. For example, nucleotidase activity appears to have emerged on at least five different occasions in versions with both C1 and C2 caps (cN-I, Sdt1p, deoxyribonucleotidase, pyrimidine 5-nucleotidase and cN-II). Likewise, phosphosugar mutase activity appears to have arisen on at least two different occasions, once each in lineages with C1 and C2 caps (respectively β-phosphoglucomutase and α-phosphomannomutase). The HAD enzymes with larger caps also appear to have acquired protein phosphatase activity independently on at least three different occasions in evolution, mainly in eukaryotes. Finally, members of the HAD superfamily with the ability to tackle substrates containing non-phosphate ester linkages, such as carbon-phosphorus and carbon-halogen bonds, emerged in bacteria, particularly in the tetrahelical C1 cap assemblage.
These trends suggest that the HAD fold was one of the players in the diversification of the metabolic potential of organisms by providing the raw evolutionary material for the innovation of enzymes that could catalyze new reactions. The five major types of reactions that are known to date to be catalyzed by the superfamily are: (1) phosphatase, (2) ATPase, (3) dehalogenase, (4) phosphosugar mutase and (5) phosphonatase (Figure 1(a) ). These reactions show mechanistic similarity 129 and can be accommodated by means of relatively small changes to the active site. Consistent with this, the superfamily is remarkably conservative with respect to the active-site residues, with only small deviations either in the core motifs (e.g. P-type ATPases and the dehalogenases 41, 136 ) or additions from the cap (phosphonatase). These observations suggest that the intricate active site of the HAD superfamily, with contribution from four distinct core elements and sometimes the cap, taken together with the general asymmetry in the position of the active site in the Rossmannoid fold, precluded them from a extensive evolutionary exploration of "reaction space". However, the location of the active site between a catalytic core and cap allowed the exploration of a vast range of "substrate space". The phyletic patterns of the various lineages of this superfamily suggest that a major component of this evolutionary exploration of substrate space occurred in the Post-LUCA period in the bacteria. Some of these innovations were transmitted via lateral gene transfers to the eukaryotes at various points in their evolution, and used as is (e.g. sucrose phosphate phosphatase 185, 186 ) or recruited for new functions (e.g. the chronophin subfamily 171 ). However, there also appear to be a few genuine innovations in the eukaryotes such as PMM and EYA protein phosphatases. 189, 156 The apparent lower diversity of these proteins in available archaeal genomes is a potential puzzle. It has also been noticed that another enzyme family forming phospho-aspartyl intermediates, the receiver domains of the two-component systems, are rare in hyperthermophilic archaea. 14 Hence, it is possible that the inherent instability of these aspartyl phosphates in high temperatures might have limited the enzyme's spread in the archaeal superkingdom, particularly in thermophilic and hyperthermophilic members.
More generally the predictions provided here regarding catalytic mechanisms and potential substrate interaction residues can serve as a guide for future biochemical investigations of these enzymes.
Materials and Methods
The non-redundant (NR) database of protein sequences (National Center for Biotechnology Information, NIH, Bethesda, MD) was searched using the BLASTP program. 74 Iterative database searches were performed using the PSI-BLAST program with an alignment or a single sequence serving as the query and a typical expectation value (E-value) of 0.01 for inclusion in the position-specific scoring matrix (PSSM); searches were iterated until convergence. 74 For all searches containing computationally biased proteins, the statistical correction option built into the BLAST program was employed. Multiple alignments were constructed using the MUSCLE 190 and/or the T-COFFEE 191 programs, followed by a manual refinement based on PSI-blast results and structural information. All large-scale sequence-analysis procedures were carried out using the TASS package (S.Balaji, V.Anantharaman and L.A., unpublished results). Transmembrane regions were predicted in individual proteins using the default parameters in the TMPRED † and the TMMH2.0 192 programs. Signal peptides in individual proteins were predicted using the SignalP program. 193 Protein structures were visualized and manipulated with the Swiss-PDB viewer 194 and PyMOL ‡ programs. Predicted molecular surfaces diagrams and ribbon diagrams were created using the PyMOL program. Protein secondary structures were predicted by feeding multiple alignments into the JPRED2 195 program. The DALI program was used for structural comparisons 63 (see Supplementary Data for details). Similarity-based clustering of proteins was accomplished using BLASTCLUST §.
Gene neighborhoods were obtained by isolating all conserved genes in the neighborhood of the gene under consideration that showed a separation of less than 70 nucleotides between their termini. Genes fulfilling this criterion were considered likely to form operons. Gene neighborhoods were determined by searching the NCBI PTT tables∥ with an in-house PERL script. Phylogenetic analysis was carried out using maximum-likelihood, neighbor-joining, and minimum evolution (least squares) methods (see Supplementary Data for details).
Supplementary information
A collection of the tree files in the Newick format of all the HAD families discussed in the text, along with the corresponding alignments will be made available for download at the ftp-site ¶. A table providing a list of all families with potential lateral transfers between bacteria and eukaryotes is also made available at the same site.
